raises end-diastolic pressure, leading to reduced exercise tolerance. The aim of this study was to test the hypothesis that the hypertensive response to exercise is exaggerated in patients with diastolic heart failure (DHF). Echocardiograms and treadmill testing were performed in patients with DHF (n =20) and age-matched hypertension with LV hypertrophy (HTN; n =20). The Minnesota Living with Heart Failure Questionnaire was used to estimate quality of life (QOL). There were no differences in resting blood pressure or echocardiographic parameters between the groups. The maximum exercise time was significantly shorter in the DHF group than in the HTN group (6.0 ± 3.0 vs. 12.5 ± 2.5 min), and the peak systolic blood pressure during exer- 
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Introduction
Recent cross-sectional, population-based echocardiographic studies show that about half of all patients with heart failure have preserved left ventricular (LV) ejection fraction and impaired LV diastolic function (i.e., diastolic heart failure [DHF]) (1, 2) . Despite its prevalence, high mortality rates, and economic burden, DHF's pathophysiology remains somewhat controversial, and evidence-based guidelines for management are lacking. Whereas diastolic dysfunction is thought to be a dominant cause of DHF, diastolic abnormalities are also common in hypertensive individuals without heart failure (3). Furthermore, hypertensive heart disease is a major cardiovascular disease underlying DHF, and LV hypertrophy (LVH) caused by hypertension is likely related to DHF (4) . A population-based cohort survey demonstrated that roughly 20% of patients with LVH progress to heart failure (5).
In patients with hypertension and diastolic dysfunction, the increase in systolic arterial pressure during exercise is frequently exaggerated, probably due to increased LV and arterial stiffness (6, 7) . Systolic-ventricular and arterial stiffening would influence diastole by elevating systolic load, compromising filling, and raising end-diastolic pressure, ultimately leading to decreased exercise tolerance even in the absence of resting symptoms. Thus, a marked increase in systolic blood pressure (BP) during exercise may play a central role in the decrease in exercise tolerance in patients with DHF.
The exercise-induced increase in systolic arterial pressure in patients with hypertension and diastolic dysfunction may be partly mediated by angiotensin II, which exhibits an increase in circulating levels during exercise (8) . Furthermore, angiotensin II directly prolongs LV relaxation, leading to impaired LV filling (9) . Thus, increases in angiotensin II during exercise may exacerbate diastolic dysfunction by raising BP and by having direct effects on the myocardium. These observations suggest that blocking the action of angiotensin II could improve diastolic function during exercise, thus enhancing exercise tolerance. However, this phenomenon has not been observed in patients with DHF.
Accordingly, the goal of this study was to test the hypothesis that a marked increase in systolic BP during exercise occurs only in patients with DHF and not in patients without heart failure in whom systolic BP and LV mass are similar. Additionally, we also hypothesized that an angiotensin II blocker would improve exercise tolerance and quality of life (QOL) in patients with DHF.
Methods

Patient Population
Patients visiting our hospital were screened for inclusion in the present study. Entry criteria included systolic hypertension, sinus rhythm, LVH (interventricular septal thickness > 12 mm, LV posterior wall thickness > 12 mm), LV ejection fraction > 0.50 by 2-dimensional (2-D) echocardiography, and mitral valve Doppler flow pattern with a peak E wave less than the peak A wave velocity (E/A < 1.0). Exclusion criteria included the presence of myocardial ischemia in the treadmill test, abnormal wall motion, valvular heart disease, and other diseases that could limit exercise tolerance. All patients had their ambulatory BP measured, and patients showing whitecoat hypertension or white-coat normotension were excluded. Patients taking an angiotensin II receptor blocker, an angiotensin-converting enzyme (ACE) inhibitor, a β-blocker, verapamil, diltiazem, or digoxin were also excluded, while patients taking other medications were included. All subjects had taken a long-acting, non-dihydropyridine calcium-channel blocker as a hypertensive agent. Twenty consecutive patients with DHF were enrolled in the present study (DHF group). DHF was diagnosed if two criteria were met: 1) symptoms and signs of heart failure rigorously defined by Framingham criteria and independently analyzed by two cardiologists, and 2) LV ejection fraction > 50% (4). All patients with DHF were hospitalized due to pulmonary congestion within the previous 2 years, but not within the previous 3 months. As a control group, 20 consecutive patients with essential hypertension and LVH who met all of the above criteria were enrolled in the study (HTN group).
Protocol
Each subject provided informed, written consent to the protocol that had been approved by our institutional review board. All baseline medications were continued during the study. Baseline plasma angiotensin II and brain natriuretic peptide (BNP) levels, resting 2-D echocardiogram, and Doppler measurements of mitral valve flow velocities were obtained. Clinical symptoms were assessed in the HTN and DHF groups by the Minnesota Living with Heart Failure Questionnaire (10). The subjects then underwent a graded symptom-limited maximum treadmill exercise test using the modified Bruce protocol. BP was obtained using a sphygmomanometer at the end of each minute. Immediately after exercise, plasma angiotensin II and BNP levels were measured again. The patients then received 8 mg candesartan every morning for 4 weeks, and the same protocol was repeated.
Echocardiogram
LV mass was calculated using the area length method (11). The transmitral flow velocity was measured using pulsedwave Doppler imaging with the sample volume positioned between the mitral leaflet tips during diastole, as previously described (12) . The E wave to A wave peak velocities (E/A ratio) and the deceleration time of mitral E-wave velocity were determined.
Statistical Analysis
Data are expressed as means ±SD. A nested analysis of variance was used to compare the rest and exercise groups before and after the administration of candesartan. When a significant effect was present, group comparisons were performed using the Student-Newman-Keuls multiple comparison test. HTN, hypertension; DHF, diastolic heart failure; BP, blood pressure.
The level of significance was taken as p< 0.05.
Results
Patient Characteristics
Forty patients completed the study, and the baseline patient characteristics are shown in Table 1 . The mean age was 70±4 years. All patients had a past history of hypertension, but some had systolic BP below 140 mmHg while on non-dihydropyridine calcium-channel blockers at the time of entry into the study. Resting BP at baseline was 146±12/81±10 mmHg in the HTN group and 152±14/81±10 in the DHF group (Fig.  1) . Plasma BNP and angiotensin II levels were higher in the 
BNP (pg/mL)
DHF group than in the HTN group (BNP: 110±34 vs. 13±9 pg/mL) (Fig. 2 ). There were no differences between the groups in the resting LV end-diastolic and end-systolic dimensions, or in the LV ejection fraction ( Table 2 ). The resting mitral valve E/A ratio was less than 1.0 in all subjects of both groups (entry criteria). The deceleration time of the mitral E-wave velocity and the LV mass were also similar between the groups.
Effects of Exercise
The maximum exercise time was significantly shorter in the DHF group than in the HTN group; the exercise test was stopped upon the appearance of any symptom necessitating its termination (6.0±3.0 vs. 12.5±2.5 min) (Fig. 3) . The peak systolic BP during exercise was significantly higher in the DHF group than in the HTN group (212±18 vs. 189±16 mmHg, p< 0.05).
Effects of Candesartan
After the administration of candesartan, resting systolic BP was similarly reduced, to 133±8/73±12 in the HTN group and to 137±11/74±9 mmHg in the DHF group (Fig. 1) . Peak systolic BP during exercise was also significantly reduced, to 184±15 mmHg in the HTN group and to 191±13 in the DHF group. Candesartan administration significantly decreased plasma BNP levels in the DHF group (38±23 pg/mL) but not in the HTN group (11±5 pg/mL), while the resting levels of circulating angiotensin II were increased by candesartan administration in both groups (Fig. 2) . Candesartan did not affect any baseline echo-Doppler parameters measured in either group (Table 2) .
The time spent exercising significantly increased (10.4±3.0 min) and the QOL score improved after candesartan administration in the DHF group, but not in the HTN group (Fig. 3) .
Discussion
Exercise intolerance is the most common symptom in patients with DHF (4). A hypertensive response to exercise contributes to LV diastolic dysfunction during exercise, which may cause exercise intolerance (13) . In the present study, we observed a marked increase in systolic BP during exercise in DHF patients compared to hypertensive patients with similar BP and LV mass. This increase resulted in exercise intolerance. Furthermore, an angiotensin II receptor blocker, candesartan, suppressed the significant increase in systolic BP in response to exercise, and improved exercise tolerance and QOL, although there were no changes in echocardiographic measurements. HTN, hypertension; DHF, diastolic heart failure; Cande, candesartan; LV, left ventricular. 
Fig. 3. Effects of candesartan on walking distance and quality of life (QOL
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Systolic hypertension during exercise occurs in many patients with hypertension (14) (15) (16) . This may be a manifestation of arterial stiffness that often accompanies diastolic LV dysfunction. An increase in arterial systolic pressure increases LV afterload, thus slowing LV relaxation and reducing the extent of ejection. The ventricle may operate at higher volumes, and there is an upward shift of the LV diastolic pressure-volume relation, resulting in an increase in left arterial pressure in response to increased systolic load (17) . Our results showed that systolic BP increased to > 200 mmHg during exercise in DHF patients, which was significantly greater than the increase in systolic BP in hypertensive patients with similar BP and LV mass. The different hypertensive responses between DHF patients and essential hypertensive patients may have been caused by stiff left ventricle and artery, atrial constriction, and/or preload reserve. Furthermore, an exaggerated rise in BP during exercise causes increases in LV afterload and, in turn, further impairment of myocardial relaxation and LV filling. Thus, both myocardial and extramyocardial factors are important to cause abnormalities in diastolic function that lead to the development of DHF.
The addition of the angiotensin II receptor blocker candesartan to the DHF patients' medications improved their ability to walk on a treadmill by approximately 5 min using a modified Bruce protocol. The improvement in treadmill exercise time was also manifest as an increase in QOL as measured by the Minnesota Living with Heart Failure Questionnaire. However, candesartan did not alter any Doppler echocardiographic measurement of resting LV diastolic performance in our study. Warner et al. reported that, in patients with diastolic dysfunction and without heart failure, losartan, an angiotensin II receptor blocker, blunts the hypertensive response to exercise and increases exercise tolerance without any changes in echocardiographic parameters (18) . Candesartan may prevent arterial constriction and increase venous return during exercise, resulting in improved exercise tolerance. It is also possible that a decrease in LV wall stress, suggested by decreased BNP levels after the administration of candesartan, increases exercise tolerance. A longer course of therapy might have produced improvements in diastolic function by inducing regression in patients with LVH (19) . A recent clinical trial, the CHARM study, shows a trend in favor of candesartan towards fewer detrimental cardiovascular outcomes among patients with preserved LV ejection fraction, although differences in cardiovascular mortality and CHF hospital admissions between the candesartan and the placebo group are of borderline significance (20) .
Study Limitations
First, we measured exercise tolerance using a modified Bruce protocol of treadmill exercise. The duration of exercise in our study may have been influenced by the patients' motivation and subjective interpretation of their symptoms during exercise. These confounding variables could have affected our ability to observe a benefit from therapy. Alternatively, the lower exercise systolic BP during therapy may have influenced the examiner to push the subject further. However, although both therapies produced similar reductions in BP, exercise tolerance and QOL improved significantly only in patients with DHF.
Second, we did not measure echo-Doppler parameters obtained immediately after peak exercise. Warner et al. reported that, in patients with diastolic dysfunction, the angiotensin II receptor blocker losartan did not alter echo-Doppler parameters obtained immediately after peak exercise (18) . We cannot ignore the possibility that these parameters should be controlled at matched levels of exercise.
Conclusion
In patients with DHF, systolic BP markedly increased during exercise, which impaired exercise tolerance and QOL. The angiotensin II receptor blocker candesartan suppressed this increase in systolic BP and improved exercise tolerance and QOL without affecting echocardiographic measurements. These findings suggest that this severe hypertensive response to exercise may be a potential therapeutic target for treating DHF.
